Fire is a globally distributed disturbance that impacts terrestrial ecosystems and has been proposed to be a global ''herbivore.'' Fire, like herbivory, is a top-down driver that converts organic materials into inorganic products, alters community structure, and acts as an evolutionary agent. Though grazing and fire may have some comparable effects in grasslands, they do not have similar impacts on species composition and community structure. However, the concept of fire as a global herbivore implies that fire and herbivory may have similar effects on plant functional traits. Using 22 years of data from a mesic, native tallgrass prairie with a long evolutionary history of fire and grazing, we tested if trait composition between grazed and burned grassland communities would converge, and if the degree of convergence depended on fire frequency. Additionally, we tested if eliminating fire from frequently burned grasslands would result in a state similar to unburned grasslands, and if adding fire into a previously unburned grassland would cause composition to become more similar to that of frequently burned grasslands. We found that grazing and burning once every four years showed the most convergence in traits, suggesting that these communities operate under similar deterministic assembly rules and that fire and herbivory are similar disturbances to grasslands at the trait-group level of organization. Three years after reversal of the fire treatment we found that fire reversal had different effects depending on treatment. The formerly unburned community that was then burned annually became more similar to the annually burned community in trait composition suggesting that function may be rapidly restored if fire is reintroduced. Conversely, after fire was removed from the annually burned community trait composition developed along a unique trajectory indicating hysteresis, or a time lag for structure and function to return following a change in this disturbance regime. We conclude that functional traits and species-based metrics should be considered when determining and evaluating goals for fire management in mesic grassland ecosystems.
INTRODUCTION
Fire and herbivory are two of the most common globally distributed disturbances that have profound impacts on the structure and function of terrestrial ecosystems (Milchunas et al. 1988, Bond and Van Wilgen 1996) . Recently, Bond and Keeley (2005) proposed that fire is, in essence, a global ''herbivore.'' Fire, like herbivory, is a top-down driver that converts organic materials into inorganic products, alters community structure, and acts as an evolutionary agent (Bond and Keeley 2005) . Unlike herbivores, however, ''combustive consumption'' by fires is based on physical properties of available fuels, and can have rapid and severe impacts over large areas (Whelan 1995) . In addition, while fires often have relatively uniform impacts spatially, the effects of grazing are much more spatially and temporally variable (Fuhlendorf and Engle 2004, Collins and Smith 2006) . Although grazing and fire have been proposed to be relatively similar (Bond and Keeley 2005) , their impacts on species composition differ (Collins 1987 , Keeley et al. 2003 , Trager et al. 2004 , Uys et al. 2004 . For instance, in mesic tallgrass prairies, frequent fires are non-selective and decrease diversity, whereas selective grazing increases diversity (Collins and Smith 2006) .
While patterns of species composition have been shown to differ in response to fire and grazing, the Bond and Keeley (2005) hypothesis suggests that these disturbances may have similar impacts on plant functional trait composition. Functional traits integrate the evolutionary and ecological history of a species Manuscript Reich 1999, Cavender-Bares et al. 2004) and both fire and grazing act as evolutionary agents (Bond and Keeley 2005) . While these two disturbances can both select for specialized traits, such as serotiny in the case of fire (Bond and Van Wilgen 1996) or thorns in the case of grazing (Belovsky et al. 1991 , Young et al. 2003 , fire and grazing may also both select for the same suite of more general traits. For example, both fire and grazing decrease the height of plants (Diaz et al. 2001, Noy-Meir and Kaplan 2002) , and increase the abundance of C 4 species (Collins et al. 1998 ), legumes (Towne and Knapp 1996 , Coppedge and Shaw 1998 , Noy-Meir and Kaplan 2002 , and nonnative plants (D'Antonio and Vitousek 1992 , Seabloom et al. 2003 . While species composition differs in burned and grazed grasslands, these disturbances may be selecting for similar traits that are distributed among different species. However, the effects of grazing and fire on the abundance of plant functional traits may differ depending on both the frequency and the intensity of burns and grazing (Engle and Bidwell 2001 , Briggs et al. 2002 , Heisler et al. 2003 . Changes in the fire regime can have strong effects on the species and trait composition of plant communities (Pausas 1999 , Franklin et al. 2001 , Kahmen and Poschlod 2008 . While frequent fire has been shown to increase the abundance of species with the traits listed above, unburned communities tend to be composed of perennials, shrubs, C 3 species, broad-leaved evergreens, and deciduous species (Collins et al. 1998 , Heisler et al. 2003 , Grund et al. 2005 , Kahmen and Poschlod 2008 . Thus, removal of fire from a regularly burned system or the addition of fire to a previously unburned community should shift the community from dominance of one group to the other. However, these systems may exhibit hysteresis (Beisner et al. 2003 , Suding et al. 2004 , Suding and Hobbs 2009 , and the change in fire regime may not shift the community from dominance of one group to the other, but instead to a state different than unburned or regularly burned grasslands.
Using 22 years of data from a mesic grassland, we examined the impacts of fire and grazing on species and trait composition. We hypothesized that (1) trait composition in grasslands that are grazed or burned will converge because these disturbances exert similar top-down pressures on vegetation and community physiognomy, and (2) the degree of trait convergence of grazed and burned grasslands will depend on the frequency of burning. Additionally, we examined the effects of changing the frequency of fire on species and trait composition. Given the high species richness in unburned plots and research showing that burned areas are compositional subsets of unburned sites (Collins et al. 1995) , we hypothesized that (3) unburned sites will quickly change toward annually burned communities. However, given the reduced species pool and lower diversity of annually burned sites (Collins et al. 1998) , we hypothesized that (4) annually burned grasslands that had fire removed would exhibit hysteresis and slower convergence of species and trait composition with unburned grasslands.
METHODS

Study site
This study was based on data collected at the Konza Prairie Biological Station (KPBS), a 3487-ha native tallgrass prairie located in the Flint Hills of Kansas, USA ranging from 320 to 444 m above sea level. All data used in this study were from upland sites which are characterized by shallow, rocky, cherty, silty, clay loams. Replicate watersheds at KPBS have been burned experimentally at 1-, 4-, and 20-year intervals since 1972 ). In 1987, bison (see Plate 1) were introduced to a 1012-ha area of KPBS where they have free access to watersheds subjected to the above fire treatments. Herd size was maintained during our study period at approximately 225 individuals. This herd size was selected so that '25% of net primary production is consumed annually (Towne 1999) . In 2001, fire treatments were reversed on four ungrazed watersheds (fire reversal treatments); burning was stopped on two watersheds that had been burned annually since 1972 and 1978 respectively, and annual burning treatments were started on two watersheds that had been burned infrequently since 1973 and 1980, respectively.
The vegetation at KPBS is predominantly native unplowed tallgrass prairie, with some woody vegetation in gallery forests along drainages (Knight et al. 1994) as well as in infrequently burned watersheds (Briggs et al. 2002) . The grassland is dominated by a matrix of C 4 perennial grasses, including Andropogon gerardii, A. scoparius, Sorghastrum nutans, and Panicum virgatum. Although grass biomass dominates, interstitial forb species comprise greater than 75% of the species richness (Towne 2002) . (Briggs et al. 2005) .
Vegetation sampling
We used 22 years of species composition data from grazed and ungrazed watersheds subjected to 1-year, 4-year, and 20-year fire frequencies, and fire reversal treatments. For reversal treatments we only have composition data up to 2004, three years after the reversal of fire treatment. Vegetation in each watershed was sampled in five permanently located 10-m 2 circular plots equally spaced along each of four 50-m transects for a total of 20 permanent plots per site in May and late August of each year. May and August data were combined so as to include both early and late season species. Percent cover of species in each plot was estimated using a modified Daubenmire scale (1 ¼ ,1%, 2 ¼ 2-5%, 3 ¼ 6-25%, 4 ¼ 26-50%, 5 ¼ 51-75%, 6 ¼ 76-95%, 7 ¼ 95-100%). Abundance of each species was determined by converting the Daubenmire scale to the midpoint of the cover range and then averaging species across the 20 plots at a site.
Trait groups
We constructed trait groups using a published trait database that included species from KPBS (Cleland et al. 2008) . The traits included life history strategy (annual, biennial, or perennial), detailed life form (C 3 grass, C 4 grass, leguminous forb, non-leguminous forb, evergreen shrub, or deciduous shrub), height within the canopy, clonality, and nativity. Although certain plant traits exhibit plasticity, all of the traits we used do not vary substantially with environmental conditions. To create trait groups we performed hierarchical clustering on the trait data using Perl (Wall et al. 2000) , which used a single linkage algorithm to merge clusters based on the minimum euclidean distance. Complete trait data were present for all species in the database for the trait group clustering. Our hierarchical clustering procedure included all species in our data set, and resulted in 15 trait group clusters (Table 1 ). The cut-off for the number of clusters was determined by the limited species pool (no trait groups could have only one species) and partly by looking at the results of successive iterations (up to 20 clusters). After 15 clusters, the successive subdivisions were no longer biologically relevant. However, we acknowledge that identifying the most biologically relevant trait groups is challenging (Lavorel and Garnier 2002, Petchey and Gaston 2002) . Nonetheless, we feel that our trait groups represent a reasonable first approximation of response patterns to fire and grazing in this mesic grassland ecosystem.
Data analysis
To describe differences in diversity between watersheds we calculated richness and Simpson's diversity index for each year of each watershed using PRIMER 5.2 (Clarke and Gorley 2001) . We compared richness and diversity across years among watersheds using a repeated-measures ANOVA in JMP 5.1 (SAS Institute, Cary, North Carolina, USA). We used a nonmetric multidimensional scaling (NMDS) routine in PRIMER to describe differences among the unburned (U), annually burned (A), quadrennially burned (Q), and grazed (G) watersheds for species composition and trait composition using Bray-Curtis dissimilarity for each year for each watershed. Bray-Curtis dissimilarity is a semi-metric measure of dissimilarity used for continuous numerical data and does not group samples by shared zeros in the data set (Beals 1984) .
''Stress'' is a measure of departure from monotonicity in the relationship between the dissimilarity in the original n-dimensional space and distance in our twodimensional ordination space (Kruskal and Wish 1978) . In general, stress values less than 0.1 correspond to a good indication of the similarities between samples, whereas stress values greater than 0.2 indicate a poor relationship between original and final configurations (Clarke 1993) . However, these are only general guidelines because stress tends to increase with increasing sample size (Clarke 1993) . Differences in trait group composition between watersheds were compared in the final year of the data set using an ANOVA in JMP 5.1.
RESULTS
The effects of fire and grazing Species composition.-We found that grazing and fire do not have similar impacts on species composition in grasslands ( Fig. 1A) . Overall, richness and diversity were both higher in grazed compared to burned communities (richness, F 1,3 ¼ 25.8380, P , 0.001, Simpson's diversity, F 1,3 ¼ 15.4026, P , 0.001). While the communities in each watershed were initially relatively similar (initial year mean dissimilarity ¼ 30.3), they diverged in composition over 22 years (Fig.  1A , final year mean dissimilarity ¼ 56.56, df ¼ 7, t ¼ À8.69, P , 0.01). The annually burned community was the most dissimilar and developed along a unique trajectory relative to the other communities ( Fig. 1A) .
Trait composition.-Patterns of trait composition were not as simple as species composition patterns. We found more convergence in trait composition between grazed and burned communities than for species composition (species composition final year mean dissimilarity ¼ 56.6, trait composition final year mean dissimilarity ¼ 43.6; df ¼ 7, t ¼ À10.25, P , 0.01), but that convergence depended upon fire frequency (Fig.  1B) . The quadrennially burned community and the grazed community were most similar in their trajectories during the 22 years (they follow the same general path, perennial non-leguminous forbs that are short and not clonal 5 perennial non-leguminous forbs that are medium to tall and clonal 6 perennial non-leguminous forbs that are medium to tall and not clonal 7 perennial legumes that are short to medium and not clonal 8 deciduous shrubs that are not clonal 9 deciduous shrubs that are clonal 10 annual C 4 grasses 11
annual and perennial C 3 grasses that are not clonal 12
annual non-leguminous forbs that are short and not clonal 13 annual/biennial non-leguminous forbs that are medium/tall and not clonal 14 perennial legumes that are clonal 15 evergreen shrubs though slightly offset) and in trait composition at year 22 of the time series (mean dissimilarity ¼ 28.9, the most similar among all treatments). As with species composition, the annually burned watershed developed along a unique trajectory of trait composition. The grazing and burning treatments had different effects on trait composition (Fig. 2) . Burning annually favored C 4 grasses (trait group 1; F 3,76 ¼ 143.21, P , 0.0001). The unburned and grazed community was codominated by perennial C 4 and C 3 grasses (trait groups 1 and 2). The quadrennially burned community tended to be co-dominated by C 4 grasses and short non-clonal non-leguminous forbs (trait groups 1 and 4). The quadrennially burned community and the grazed community shared the highest relative abundance of annual C 4 grasses (trait group 10; F 3,76 ¼ 7.33, P ¼ 0.0002), relatively high abundances of perennial C 4 grasses (trait group 1), and low abundances of perennial non-leguminous clonal forbs (trait groups 3 and 5), but the grazed community had higher abundance of C 3 grasses (trait group 2, F 3,76 ¼ 96.44, P , 0.0001; trait group 11, F 3,76 ¼ 4.38, P ¼ 0.0067).
The effect of fire treatment reversal Species composition.-We found that the fire reversal effects on species composition were dependent on treatment (Fig. 1C) . The formerly unburned community that is now burned annually (U!A) was initially similar to the unburned and quadrennially burned treatments (Fig. 1C ). As the U!A community developed, it became less similar to the unburned treatment and more similar to other annually burned communities at KPBS only three years after reversal of the fire treatment. Initially, the U!A community was co-dominated by . Gray diamonds (U!A) represent a community that was initially unburned, but then had fire reintroduced annually. Gray triangles (A!U) represent a community that was initially annually burned, but then had fire removed from the system. In all cases, the green symbols represent the first year of the study, the black symbols represent the final year of the study, and the red symbols in panels C and D represent the year in which the fire treatment was reversed. For viewing purposes, not all years are shown. For treatments A, Q, U, and G, the first two years are shown, then every third year, and then the final three years. For treatments U!A and A!U, the first two years are shown, then every other year (including the year in which the fire treatment was reversed), and then the final two years. several species (Andropogon gerardii, Salvia azurea, and Sorghastrum nutans), but after fire was introduced, Andropogon gerardii became dominant in the community and both A. scoparium and Lespedeza violacea (an Nfixing legume) increased in abundance. Furthermore, we found that richness decreased once fire was reintroduced to the system (F 1,4 ¼ 8.099, P , 0.001, Fig. 3A) . Diversity initially increased once the fire was reintroduced to the U!B community, but then decreased, resulting in no overall change through time (F 1,4 ¼ 1.340, P ¼ 0.261, Fig. 3B ).
The annually burned community that had fire removed (A!U) had an initial species composition similar to other annually burned communities at KPBS. As the A!U community developed over time, however, it exhibited hysteresis in that it did not return to a community type similar to the unburned community in the three years after reversal of the fire treatment (Fig.  1C) . Instead, the A!U community initially followed a similar trajectory as the annually burned community but then switched to a unique trajectory. Additionally, we found that richness increased once fire was removed (F 1,4 ¼ 8.099, P , 0.001, Fig. 3A) . The A!U community was initially dominated by Andropogon gerardii with Poa pratensis and Ambrosia psilostachya, but following fire removal both P. pratensis and A. psilostachya decreased in abundance and Ceanothus herbaceous (a shrub) and Solidago canadensis (a clonal forb) increased in abundance, yet there was no change in diversity in the three years after reversal of fire treatment (F 1,4 ¼ 1.340, P ¼ 0.261, Fig. 3B) .
Trait composition.-The trait composition of the reversal treatments followed a trend similar to that of species composition. We found that fire reversal treatments had different effects on trait composition depending on the reversal treatment (Fig. 1D) . The U!A community was initially similar to the unburned and quadrennially burned treatments (Fig. 1D ), but as this community developed, it became less similar to the unburned treatment and more similar to the annually burned community. Once fire was returned to the unburned community (U!A), perennial C 4 grasses dominated (trait group 1, Fig. 4 ), similar to other annually burned communities at KPBS. However, the (Table 1) . White triangles represent annually burned communities, white upside down triangles represent quadrennially burned communities, white diamonds represent unburned communities, and white circles represent grazed communities. To improve presentation for viewing, standard error bars are not shown. Note the three different y-axis scales.
FIG. 3. (A) Richness and (B) diversity over time in reversal
treatments. White triangles represent annually burned communities, white upside down triangles represent quadrennially burned communities, and white diamonds represent unburned communities. Gray squares represent a community that was initially unburned, but then had fire reintroduced annually. Gray triangles represent a community that was initially annually burned, but then had fire removed from the system. Fire treatments were reversed in 2001. U!A community was unique because it had higher abundances of trait groups 5 (F 4,96 ¼ 8.31, P , 0.0001) and 12 (F 4,96 ¼ 26.83, P , 0.0001) compared to all other communities (Fig. 4) .
The annually burned community from which fire had been removed (A!U) was initially similar to other annually burned communities in trait group composition. Over time, however, the A!U community did not develop towards a composition similar to unburned communities. Instead, once fire was removed, the A!U treatment proceeded along a unique path and was codominated by trait groups 1 and 3, and had high abundances of species from trait groups 6 (F 4,96 ¼ 68.25, P , 0.0001) and 14 (F 4,96 ¼ 98.24, P , 0.0001; Fig. 4 ).
DISCUSSION
The effects of fire and grazing
Our results support Bond and Keeley's (2005) assertion that fire behaves as a non-selective, globallydistributed herbivore, but only when grassland community composition is viewed from a functional trait perspective. We did not find support for our first hypothesis that grazing and fire have similar impacts on community composition; instead, communities that were either grazed or burned diverged in composition over time (Fig. 1A) . Similar results have been found in many studies, as these disturbances have different effects on community composition and diversity (e.g., Collins 1987 , Morrison 2002 , Keeley et al. 2003 , Trager et al. 2004 , Uys et al. 2004 ).
Furthermore, we found that the convergence in trait composition between burned and grazed grasslands is contingent upon fire frequency, which supports our second hypothesis. Grasslands burned with an intermediate frequency (once every four years), which is hypothesized to be the historical fire frequency in this region (Hulbert 1985) , showed the greatest convergence in trait composition with grazed grasslands as compared to either unburned or annually burned grasslands. The greater convergence in trait composition of the quadrennially burned and grazed grasslands suggests that these communities may operate under similar deterministic assembly rules (i.e., Keddy 1992 , Belyea and Lancaster 1999 , Fukami et al. 2005 , and fire and herbivory have some similar impacts at the trait-group level of organization. Because fires are nonselective consumers of plant biomass, high frequency burning likely exerts more selective pressure on trait composition of grassland communities than grazing by selective herbivores, which primarily consume graminoids (Senft et al. 1987) . Thus, although fire and grazing provide similar pressures to grassland communities at intermediate frequencies, chronic fires have a greater impact on species and trait composition than light to moderate levels of chronic grazing because these disturbances differ in selectivity (Fuhlendorf and Engle 2004, Collins and Smith 2006) .
Additionally, both intermediately burned and grazed communities had similarly high abundances of annual C 4 grasses (trait group 10) compared to the other communities. Fire and grazing have each been found to promote annual species as these plants are able to quickly recover following either disturbance (Diaz et al. 2001 , Kahmen and Poschlod 2008 , Savadogo et al. 2008 . C 4 species often have a competitive advantage over C 3 plants in high light environments (Ehleringer and Monson 1993) such as those found when light is increased by the removal of the surrounding biomass by either burning or grazing. Burning may have a larger effect on increasing light availability than grazing because herbivores are selective and their impacts are more spatially variable than fires (Fuhlendorf and Engle 2004 , Adler et al. 2005 , Collins and Smith 2006 . It is important to note that although our composition and trait ordination stress values (Fig. 1) were relatively high, we feel that given our large temporal data set (22 years), our stress values indicate good approximations of the similarity between samples because stress values tend to increase with sample size, yet all of our stress values are below 0.20.
The effects of fire treatment reversal
We found evidence to support our third and fourth hypotheses regarding grassland community convergence under the fire reversal treatments. Once the previously unburned community was burned, there was a peak in species richness followed by a decline. This is similar to several studies from a variety of systems (e.g., Adamson (Table 1) . White triangles represent annually burned communities, white upside down triangles represent quadrennially burned communities, and white diamonds represent unburned communities. Gray triangles represent a community that was initially unburned, but then had fire reintroduced annually. Gray diamonds represent a community that was initially annually burned, but then had fire removed from the system. To improve presentation for viewing purposes, standard error bars are not shown.
1935, Bell and Koch 1980 , Trabaud and Lepart 1980 , Posamentier et al. 1981 , Hobbs and Atkins 1990 . In these studies, the initial increase in richness was a result of species regenerating from the bud bank (Benson et al. 2004) or seeds in situ and may be related to the presence of species in the seed bank or with underground storage organs that were not present in the pre-fire community as adult plants (Whelan 1995) . We observed an increase in clonal plants following the introduction of fire, suggesting similar regeneration of species from underground storage organs. Furthermore, species composition became more similar to that of intermediately burned grassland in multidimensional composition space, with an apparent trajectory toward annually burned composition, lending support for our third hypothesis. The unburned-to-annual burning treatment shifted toward dominance by both A. gerardii and A. scoparium, both perennial C 4 grasses common to annually burned grasslands on KPBS (Towne 2002) . These results suggest that the reintroduction of fire to prairies that have had decades of fire suppression may quickly (in 3 years) restore both species and functional trait composition, and thus promote restoration of ecosystem function (Baer and Blair 2008) .
Conversely, removal of fire from annually burned grassland did not cause species composition to become similar to that of unburned grassland. Instead, after fire disturbance was suppressed, species and functional trait composition began to develop along a trajectory (Fig.  1C, D) toward a unique community composition. While this reversal community was still dominated by peren-nial C 4 grasses, similar to both high frequency and intermediately burned communities, it had much higher abundances of tall non-clonal perennial forbs and perennial clonal legumes than any other community (Fig. 4) . The high abundance of C 4 species and N-fixing legumes is common after a disturbance that increases available light, such as a fire (Ehleringer and Monson 1993 , Vitousek and Field 1999 , Smithwick et al. 2005 . Conversely, the unburned community exhibited the highest relative abundance of legumes but these are not clonal as in the annually burned-to-unburned reversal community. The high abundance of clonal legumes in formerly burned grassland indicates that these legumes may have regenerated from underground storage organs. The distinct trajectory under this type of fire reversal scenario may reflect a time lag necessary for the ecosystem to fully reorganize, in terms of community composition, before developing towards unburned grassland (Smith et al. 2009 ). This time lag may be a function of dispersal limitation (Dickson and Foster 2008) given that annually burned areas have lower in situ species diversity than infrequently burned areas. Thus, remeasuring species and functional trait composition after sufficient time will be needed to determine the degree to which convergence does or does not occur over time. However, this unique trajectory may result from hysteresis (Beisner et al. 2003 , Suding et al. 2004 , Suding and Hobbs 2009 , and may indicate that the removal of fire from an annually burned grassland creates a novel state, different than either unburned or annually burned grasslands. PLATE 1. In 1987, bison were introduced to a 1012-ha area of the Konza Prairie Biological Station in Kansas (USA). Herd size is maintained at approximately 225 individuals, which consume ;25% of net primary production annually. Photo credit: S. L. Collins.
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Conclusion
Our data provide some support for the Bond and Keeley (2005) hypothesis that fire acts as a non-selective, globally-distributed herbivore with regard to trait composition, rather than species composition, in North American tallgrass prairie. However, the degree of convergence between fire and herbivory is contingent upon fire frequency, and likely grazing intensity as well. In addition, we found that high fire frequency exerts stronger pressure on grassland composition and structure than moderate levels of grazing by bison, and that annual burning is not analogous to herbivory. Furthermore, reintroducing fire into grasslands following a long time interval without burning restores both species and trait composition within three years. However, fire suppression leads to unique grassland structure and composition that may not retain former ecological function. While we only have three years of data postfire reversal, we suggest that fire management goals for grassland ecosystems may benefit from considering plant functional traits in addition to species-based metrics. Trait-based approaches comparing fire and herbivory are needed in other ecosystems in order to determine if fire is indeed a general global herbivore.
